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ABSTRACT
Preserving Optical Confinement in PECVD
SiO2 Waveguides by Control of
Thin-Film Stress
Steven Jay Hammon
Department of Electrical and Computer Engineering, BYU
Master of Science
Researchers at Brigham Young University (BYU) have developed an optical biosensor that
can quickly analyze a sample to detect any type of nucleic acid based organism, such as viruses or
bacteria. The biosensor’s reliability over time is compromised due to water absorbing into the
SiO2 waveguides of the chip. It was hypothesized that keeping the thin-film stress of the
waveguides close to zero would slow or stop water absorption from occurring.
Completion of this thin-film study relied upon a new plasma enhanced chemical vapor
deposition (PECVD) machine and a new 3-D optical profilometer, both of which were installed in
the BYU cleanroom. The new PECVD machine was much more capable than previous machines
at controlling deposition parameters and was a critical component in accurately controlling the
intrinsic stress of deposited films. The 3-D optical profilometer provided us a way to accurately
measure the intrinsic stress of the films.
Rib waveguides made from different stressed SiO2 films were fabricated over anti-resonant
reflecting optical waveguide (ARROW) layers. The wafers were baked out, cleaved, and their
initial throughputs recorded. All waveguides were placed in a humid environment and were
removed periodically to check their optical throughput. The resulting measurements were
normalized to the highest measured throughput to determine how throughput was changing over
time.
Rib waveguides with the lowest stressed SiO2 had the slowest rate of throughput change,
dropping to 50% of the original throughput after 40 days in the humid environment. The +50 MPa
stressed waveguides performed next best, dropping to 20% of the original throughput after 40 days.
The +100 MPA stressed waveguides dropped to 20% throughput after 16 days while the -50 MPa
stressed wafers dropped to 20% optical throughput after 7 days.
Keeping the stress of the film as low as possible helped reduce the rate of water absorption,
but did not eliminate it completely. A method involving the use of high index difference buried
channel waveguides is shown to be effective at stopping the effects of water absorption in our
waveguides.
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1.1

INTRODUCTION

Motivation for Research
Arguably one of mankind’s greatest discoveries, antibiotics have revolutionized the way

we treat diseases. With Alexander Fleming’s discovery of penicillin in 1928 [1], more and more
classes of antibiotics have been discovered and developed, practically eliminating the world
diseases like polio and smallpox that were once commonplace. Although this technology has
saved millions of lives, it has also led to the overuse and/or misuse of antibiotics [2, 3]. The most
well-known area where misuse of antibiotics occur is in the healthcare industry. Antibiotics are
frequently prescribed to treat patients that have a variety of symptoms that are not necessarily
related to a bacterial infection or disease [4]. An example of this would be administering
antibiotics to a patient that has a common cold. Antibiotics will not help combat the cold virus,
but doctors may administer antibiotics as a precautionary measure. Another contributing factor to
antibiotic resistant bacteria is the public’s general misunderstanding of antibiotics [5]. Behaviors
such as not using prescribed antibiotics for the entire duration of a prescription, or patients selfprescribing antibiotics in countries where antibiotics can be purchased off the shelf are some
examples of such misunderstanding [6]. This abuse of antibiotics has led to an influx of antibiotic
resistant strains of bacteria that the World Health Organization says, “has the potential to affect
anyone, of any age, in any country” [7].
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A family of bacteria called the Enterobacteriaceae family is one of these strains. It is part
of a group of pathogens that are called Gram-negative bacteria. This type of bacteria is notorious
for quickly developing antibiotic resistance to some of the most common antibiotics [8]. When
patients are infected with Enterobacteriaceae bacteria, physicians may have to turn to so-called
“last resort antibiotics” that are only administered when all other options have been exhausted.
Sadly, there recently has been cases of Escherichia coli (E. coli), one of the more well-known
members of the Enterobacteriaceae family, that has tested positive for resistance to colostin, a
common drug of last resort [9]. These resistant strains as well as other strains known as
carbapenem-resistant Enterobacteriaceae (CRE) have mortality rates as high as 50% [10].
Once a patient has been diagnosed with an antibiotic resistant strain, physicians are in a
race against time to discover what types of antibiotics will be effective at combatting the infection.
The most common way to determine the bacteria’s resistance profile is to use phenotypic screening.
The patient’s blood sample is sent to a lab where the bacteria is cultured and tested. The tests can
determine the identity of the bacteria, and/or its antibiotic resistant profile [11]. However, these
tests require anywhere from 24-48 hours to get results back [12]. During this time, the patient’s
survival rate can drop by as much as 7.6% per hour when treatment is not given [13]. Faster
methods involving the use of PCR-based assays to detect microbial DNA have been proposed to
replace traditional blood culture methods [14]. However, the small number of bacteria in the
bloodstream during the initial stages of the infection makes this method unreliable [15, 16].
It is imperative that physicians receive timely and accurate data from blood tests to combat
bacterial infections. The tests must be fast to give the patient the best chance of survival. They
must also be extremely sensitive to be able to detect bacteria in the early stages of infection. The
test ideally would be able to detect a single bacterium, something that may go unnoticed by the
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use of traditional detection methods. This is why researchers at Brigham Young University (BYU)
have developed the Biooptofluidic Lab-on-a-Chip.

1.2

Biooptofluidic Lab-on-a-Chip
One of the ways we can overcome the disadvantages of phenotypic screening is to turn to

an emerging field called biooptofluidics. This field combines the study of biology, light, and fluid
mechanics to form small yet sensitive biomedical sensors [17]. These sensors are to not only able
to detect single bacterium, but can be used to screen for any type nucleic acid based organism. For
example, these biosensors have already been proven capable of single-virus detection in a sample
[18]. Figure 1.1 shows what one of these sensors looks like.

Figure 1.1: Biooptofluidic chip developed at Brigham Young University

The basic overview of the chip’s functionality is as follows: a patient’s blood sample is
filtered off-chip to get rid of unwanted components like red and white blood cells. The filtered
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sample containing the bacteria is lysed to release the bacteria’s DNA. The resulting slurry is mixed
with a fluorescent chemical that binds specifically to the target bacteria’s DNA. The mixture is
then loaded into one of the chip’s fluid reservoirs where it begins to travel down the hollow
waveguide. Eventually, the bacteria’s DNA that has been tagged with fluorophores will reach the
excitation point where it will encounter light from a single mode laser coming from a perpendicular
solid waveguide. The laser light will excite the attached fluorophores, which will emit a different
wavelength of light. The emitted light is confined in the hollow waveguide and travels down to
where it encounters the solid waveguide. The light couples into the solid waveguide where the
signal travels off-chip to be analyzed. By applying a filtering algorithm, the resulting signal-tonoise ratio is high enough to see the blips of the signal above the noise floor (Figure 1.2). Using
this biooptofluidic chip can theoretically cut the time it takes to accurately analyze a patient’s
blood sample from 24-48 hours down to one.

Figure 1.2: Sample signal obtained from our biooptofluidic chip
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To avoid any misdiagnoses, our chips must be highly sensitive to be able to sense single
bacterium. They also need to be environmentally robust to ensure proper functionality in a variety
of climates. One of the biggest culprits of why our devices fail has to do with the climate in which
the chips are stored.

1.3

Water Absorption and Film Stress
As we started developing our biooptofluidic biosensors, we noticed a decrease in

performance over time. When the chips were freshly made, the optical throughput of the
waveguides was relatively high. However, over time sitting on a shelf at room temperature the
throughput would slowly degrade. We were able to reverse this effect by baking the chips at 300°C
for 1-2 days, bringing the device throughput back up to when the devices were new. After running
more tests, we reached the conclusion that our waveguides were slowly absorbing water from the
air over time. Searching through publications, we discovered that this problem is well known and
has been studied in the past [19]. As the water enters the film, it changes the normally Si-O bonds
of the silicon dioxide into silanols (Si-OH) [20]. This can change material properties such as the
refractive index, which can have detrimental effects to waveguiding [21].
There is a well-known solution to eliminating water absorption in SiO2 by annealing the
film at high temperature (>900°C). However, some devices like our biosensors are sensitive to
high temperatures and would be damaged if one tried to anneal them [22]. Therefore, alternative
methods to slowing or stopping water absorption in our chips were investigated. One method
included storing our waveguides in a desiccator, which is a container with a compound such as
silica gel that absorbs water from the air. Another method was to cover our devices with a
hydrophobic coating such as polydimethylsiloxane (PDMS) which would hopefully repel water
vapor and prevent absorption from occurring. However, with the installation of the new plasma
5

enhanced chemical vapor deposition (PECVD) machine in BYU’s cleanroom, another possibility
opened up for us. The machine, known as PECVD3, was much more capable than previous
cleanroom machines at accurately controlling deposition parameters such as gas flow, heat,
pressure, and RF power during oxide growth. By adjusting these parameters in just the right way,
we could more accurately control the stress of the film [23].
Stress is an important issue with modern semiconductor fabrication. High-stressed films
can cause cracking or delamination of silicon dioxide films and can easily ruin devices [24]. Stress
in thin-film silicon dioxide has already been studied fairly extensively by researchers. For example,
it has been shown that water absorption can change the intrinsic stress of annealed PECVD SiO2
films [25]. However, we could not find any literature showing a relationship between the initial
stress of the film and the rate at which it absorbed water. One paper suggests that the strain of SiO bonds formed during oxide deposition has a large influence on how easily moisture interacts
with them [26]. The paper claims that bond strain “makes the oxide more reactive” and “provides
a higher surface area for holding water molecules”. This suggested to us that the film’s stress has
a large impact on how quickly it absorbs water from the air. Our hypothesis was that high stressed
films would allow water to penetrate waveguides faster than low stressed films. The data presented
in this thesis analyzes the validity of our hypothesis by analyzing different stressed films and their
respective optical throughput over time in a humid environment.
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2

2.1

BACKGROUND INFORMATION

Waveguides
Waveguides are the primary structures of the biooptofluidic sensors made at BYU. Put

simply, a waveguide is a structure that guides electromagnetic waves such as light or radio waves.
Normally, the origin of these waves acts like a point source with the electromagnetic energy
spreading out in all directions equally. A good analogy to this is a light bulb. Place the light bulb
in the center of a room and the light will spread in all directions, lighting the room evenly as in
Figure 2.1(a). Although each part of the room is receiving light, it is only a fraction of the total
light given off by the bulb. If we wanted to collect all of the bulb’s power and shine it on a narrow
area to act as a spotlight, we could use a long mirrored box that would confine the majority of light
until it reached its destination as demonstrated by Figure 2.1(b). Waveguides on our chip act
similar to this mirrored box and are a way for us to guide laser light to a very specific point on our
chip.
Due to the small volume of liquid being analyzed on the chip, the waveguides themselves
have to be made using traditional microfabrication techniques that sit on a substrate such as a
silicon wafer. There are three main styles of waveguides that are fabricated in BYU’s cleanroom:
rib, ridge, and buried channel waveguides. Representations of these waveguides can be seen in
Figure 2.2. In addition to these three styles, waveguides can be turned into hollow core waveguides
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(a)

(b)

Figure 2.1: (a) Light bulb acting as a point source with light spreading out in all directions evenly
(b) Light bulb confined in a “waveguide” that directs the light primarily in one direction

using sacrificial etching techniques [27]. With all styles of waveguides, however, researchers must
carefully control the index and the shape of the waveguides. The refractive index determines
whether light will stay confined within the waveguide according to Snell’s Law, while the shape
of the waveguide determines whether it will be single or multimode.

Figure 2.2: Rib (left), ridge (middle), and buried channel (right) waveguides

2.2

Snell’s Law
Snell’s law can describe the interactions of a beam of light transmitting through the

boundary between two isotropic mediums. Snell’s law is given by
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𝑠𝑖𝑛(𝜃𝑖 ) 𝑛2
= ,
𝑠𝑖𝑛(𝜃𝑡 ) 𝑛1

(2.1)

where n1 and n2 are the indices of refraction of the two mediums and θi and θt are the angles of
incidence and transmission in medium 1 and 2 respectively.

Figure 2.3 shows a visual

representation of Snell’s law with a single beam.

Figure 2.3: Visual illustration of Snell’s law

An interesting thing can happen when light from a higher refractive index hits the boundary of a
medium with a lower refractive index. Given n1 and n2 where n1 > n2 you can calculate what the
incident angle θi must be such that θt equals 90°. At this angle, the transmitted light will stay right
along the boundary between the two mediums, effectively transmitting no light into the second
medium as seen in Figure 2.4. This angle of θi is known as the critical angle, also denoted θc .
Any incident angle greater than the critical angle will cause the wave to reflect back into the
medium. This phenomenon is known as total internal reflection (TIR) and is represented with
Figure 2.5. If the higher index material is completely surrounded by a lower index material and
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the incidence angle is greater than θc , total internal reflection will occur and the wave will continue
to propagate down the higher index material with no light being transmitted in the lower index
material. This is the fundamental concept of waveguides.

Figure 2.4: Visual illustration of the critical angle

Figure 2.5: Visual illustration of total internal reflection (TIR)
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Waveguides are composed of two distinct parts: the core (the central area where the wave
stays confined) and the cladding (the material surrounding the core). Typically, the core of
waveguides fabricated in a cleanroom is made of materials like silicon dioxide or silicon nitride
while the cladding is a lower index material such as air.

Figure 2.6: Side view of a SiO2 ridge waveguide on a silicon substrate surrounded by air

Silicon dioxide, the material we make our waveguides out of, has an index of 1.46 while
the air that surrounds it has an index of 1. As long as we observe the critical angle, light will stay
confined in our waveguide. There is only one thing that is not accounted for. As seen in Figure
2.6, air only surrounds three of the four sides of our waveguide. The bottom of the waveguide is
on a substrate like silicon that has a much higher refractive index around 3.5. Using Snell’s law,
we can attempt to calculate a critical angle for the bottom indices by setting θt equal to 90°, which
gives us

𝑠𝑖𝑛(𝜃𝑖 ) =
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3.5
.
1.46

(2.2)

This equation is impossible to satisfy since the maximum value the sine of any angle can
have is 1. This means there is no angle that will cause TIR within this bottom boundary of the
waveguide, so any incident light will couple out of the waveguide.
A similar problem exists with hollow core waveguides. Our waveguides must be hollow
so that the liquid sample can flow through them to be analyzed. The type of liquid can vary in
index of refraction, but assuming it is water with an index of 1.333, we will have three different
materials that Snell’s law will apply to as seen in Figure 2.7. With light starting in the liquid, the
wave will eventually hit the boundary between the liquid and the silicon dioxide. Because water
has a lower index than the silicon dioxide, the wave will travel through the silicon dioxide until it
reaches the boundary between silicon dioxide and air. If the angle of incidence is greater than the
critical angle, the wave will bounce back through the silicon dioxide and into the liquid core.
However, the bottom part of the liquid-filled waveguide still poses a problem for us to guide light.
As explained before, the light will simply exit the waveguide and will not guide.

Figure 2.7: Side view of a hollow SiO2 ridge waveguide with water inside on a silicon substrate
surrounded by air
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Our waveguides would not be much use to us if they could not transmit light on a chip with
a substrate that has a lower index of refraction than the core. However, researchers have overcome
this problem by using special reflecting optical layers. Anti-resonant reflecting optical waveguides
(ARROWs) provide a way to guide light in a low index material surrounded by a higher index
cladding by using the principles of a Fabry-Perot reflector as explained in the next section.

2.3

ARROWs
Anti-resonant reflecting optical waveguides were first published about in 1986 as a solution

for waveguiding using SiO2 [28]. Since then researchers at BYU have used them to make
waveguide-based sensors for things like gas, liquids, viruses, and now bacteria [29]. The principle
of a Fabry-Perot etalon is to have alternating layers of different thicknesses and indices of
refraction in order to have constructive interference for reflecting light, or deconstructive
interference for absorbing light. A visual representation of constructive interference is seen in
Figure 2.8. Snell’s law still applies to each of these layers, so as a wave of light hits the n1-n2
interface, the light will transmit through until the next n2-n1 interface. At this next interface, most
of the light is reflected, but some still makes it through. This continues for however many
ARROW layers are present. The overall effect of the ARROW layers is constructive interference
that reflects the majority of incident light with very little loss. There is no limit to how many
ARROW layers you can use. For the highest amount of reflection, it is ideal to use as many as
possible to reflect the most amount of light. However, the benefits of adding more layers
eventually starts to decrease. Previous research found that six reflective ARROW layers reflects
more than 90% of incident light, which is adequate for our purposes [30]. Table 2.1 contains
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information about each of the six layers of our ARROW devices including their refractive indices,
thicknesses, and materials. Keep in mind that the refractive indices and thicknesses in the table
are for our specific application and may not work for other types of applications. For reference,
our laser light is around 635nm with a core refractive index around 1.46.

Figure 2.8: Illustration of the principles of an ARROW device
Table 2.1: ARROW Layers

Layer #

Refractive Index

Thickness (nm)

Material

6 (top)

2.107

102

Ta2O5

5

1.47

265

SiO2

4

2.107

102

Ta2O5

3

1.47

265

SiO2

2

2.107

102

Ta2O5

1 (bottom)

1.47

265

SiO2
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2.4

Waveguide Modes
As light travels down a waveguide, it does so in certain patterns or modes. This occurs due

to the boundary conditions of the waveguide and follow Maxwell’s equations [31]. To better
understand the conceptual model behind why modes form, let us consider a 2D waveguide as seen
in Figure 2.9.

Figure 2.9: Illustration of a single wave’s direction of propagation and its wavefronts in a
waveguide. In this simplified model, the green circles indicate where the waves will interfere. In
reality, the wavefronts are continuous and will interfere in a more complex manner.

In the above illustration, a single wave is travelling down a waveguide with TIR occurring.
However, electromagnetic waves are not just single beam but rather an entire collection of waves
that (theoretically) stretch on to infinity. These long waves are called wavefronts and are
perpendicular to the direction of propagation. The wavefronts all have the same phase. As the
wavefronts bounce off the walls of the waveguide, the wavefronts traveling in the new direction
will interfere with the previous wavefronts at certain points (illustrated by the green dots). The
above illustration only shows a few points of interference occurring at a time. In reality, the
continuous nature of waves means that the interference will be occur all along the waveguide.
This interference can occur either constructively or destructively. Constructive interference occurs
when the phase difference of the waves is an even multiple of pi (… -4π, -2π, 0, 2π, 4π, …). When

15

this happens the magnitudes of the waves add together to create a larger wave. Destructive
interference occurs when the phase difference of the waves is an odd multiple of pi (… -3π, -π, π,
3π, …). This means the trough of one wave will cancel out the peak of the other.
It is this interference that forms the mode profiles of waveguides. Multiple waves of light
are travelling down the waveguides interfering with each other. Where they interfere depends on
many variables such as the width and height of the waveguide, the frequency/wavelength of light
being propagated, the incidence angle, and the indices of refraction of the core and cladding. To
calculate this by hand is near impossible to do. Engineers and scientists have created software
such as FIMMWAVE that does all the complex calculations for us to solve the mode profile of
different electromagnetic waves in a waveguide.
Along with the mode profile of a waveguide, another thing we are concerned about for our
research is the number of supported modes in the waveguide. Ideally, we want a single mode also
known as the fundamental mode to be the only one capable of guiding in the waveguide. In this
mode, there is only one main lobe in the waveguide with its power concentrated in the center.
With a single mode, when the target DNA passes the laser’s excitation point it gives off one
powerful signal instead of multiple weaker ones. An example of a single mode profile in one of
our waveguides can be seen in Figure 2.10.
Whether or not a wave will support a mode depends on the cutoff frequency of the
waveguide. The cutoff frequency is the minimum required frequency of light for the waveguide
to operate. The fundamental mode occurs at the mode with the lowest cutoff frequency. However,
as you increase the frequency of the wave or change the dimensions of the waveguide, then it could
support multiple wave profiles as seen in Figure 2.11. For example, the cutoff frequency for TEmn
modes in a rectangular waveguide can be defined by
16

𝑐
𝑚𝜋 2
𝑛𝜋 2
√
𝑓𝑐 =
( ) + ( ) ,
2𝜋
𝑎
𝑏

(2.3)

where 𝑓𝑐 is the cutoff frequency of the TEmn mode in Hertz, 𝑐 is the speed of light in the waveguide
in meters per second, 𝑚 and 𝑛 are integers corresponding to the TEmn mode, and 𝑎 and 𝑏 are the
width and height of the waveguide with 𝑎 > 𝑏 [32].

Figure 2.10: Example of a single mode profile in a 12µm rib waveguide

Figure 2.11: Example of a multi-mode profile in a 12µm rib waveguide with two main lobes
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The fundamental mode is also known as the TE10 mode. Plugging in 1 and 0 for 𝑚 and 𝑛
respectively we get 𝑓𝑐 = 𝑐/2𝑎. This means theoretically as long as you choose your rectangular
waveguide width appropriately you can get single mode propagation for a given wavelength of
light. For our waveguides, however, many of different factors affect the waveguide’s mode
including the overall shape of the waveguide, the cleave of the waveguide’s facet, the alignment
of the fiber, variances in the fabrication process, index of refraction, water absorption affecting the
indices of the core and cladding, impurities in the films, physical damage, the ARROW layers
underneath, etc. For this reason, our waveguides were modeled in FIMMWAVE to ensure they
would be as close to single mode as possible.
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3

PECVD

PECVD (plasma enhanced chemical vapor deposition) machines are common to have in
any cleanroom. It is our method of choice while fabricating thin-film waveguides in our cleanroom.
How PECVD works as well as why we have chosen to use it to make our waveguides will be
outlined in this section.

3.1

How PECVD Works
An illustration of a PECVD machine is found in Figure 3.1. A wafer is placed into a

chamber which is then put under vacuum. Gases like silane (SiH4) and nitrous oxide (N2O) are
introduced to the chamber in varying amounts through a showerhead to help disperse the gases
evenly. The wafer sits on a hotplate that ranges in temperature from 150 to 400 °C. However, the
heat from the hotplate alone is not high enough to cause a reaction with the gases. To provide
enough energy for the reaction, a radio frequency (RF) power source is hooked up to the
showerhead while the hotplate is grounded. At the right frequency (13.56 MHz or ~100 kHz for
low frequency), the RF power will cause a plasma to form in between the two electrodes in the
chamber. A plasma is a gas where a large number of the molecules are ionized. These free
electrons collide with the gases in the chamber and provide enough energy for them to react
together, forming the desired product. In our case, we use PECVD to deposit silicon dioxide to
make our waveguides. The chemical reaction going on is
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SiH4 + 2N2O  SiO2 + 2H2 + 2N2 .

(3.1)

Figure 3.1: Simplified view of a plasma enhanced chemical vapor deposition machine’s internal
components

3.2

Why we use PECVD Oxide on our Chips
Silicon dioxide films, the material our waveguides are made from, can be made using

methods other than PECVD. Another type of silicon dioxide is called thermal oxide. Thermal
oxide is grown inside of a high temperature furnace using a process called thermal oxidation. This
is usually performed at a temperature between 900 and 1200°C. After a silicon wafer has reached
temperature, water vapor or molecular oxygen is introduced into the environment and perform the
reactions seen in Equations 3.2 and 3.3 respectively. The silicon molecules nearest to the surface
of the wafer will undergo a chemical reaction due to the intense heat and turn into SiO2.
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(wet)

Si + 2H2O  SiO2 + 2H2

(3.2)

(dry)

Si + O2  SiO2

(3.3)

The thermal oxide formed is considered to be very pure with very good uniformity and
insulating properties [33]. Thermal oxide is also known to be resistant to water absorption.
However, thermal oxide has a few disadvantages. The biggest disadvantage is that thermal oxide
can only be formed with a source of silicon atoms. If you wish to cover parts of your wafer with
oxide that have a metal layer like nickel or aluminum, thermal oxide will not be able to form over
the metal. In addition, the time it takes to grow thermal oxide grows exponentially with thickness.
This is because the water vapor or oxygen has to penetrate deeper and deeper into the wafer to
cause the reaction to occur according to the Deal-Grove model [34]. For example, to grow a 6 µm
layer of oxide, something very common with our research, it would take over 65 days in a 1100 °C
furnace using dry molecular oxygen as seen in Figure 3.2. The final disadvantage to thermal oxide
is the high temperatures required to achieve oxidation. If you have features on your wafer that
cannot withstand high temperatures without breaking, you have to use another method to grow
oxide. Fortunately, all of the disadvantages that thermal oxide has are overcome with PECVD.
With PECVD oxide, the oxide is deposited rather than grown. This allows us to put down
oxide layers over any feature, whether it be metal, another dielectric, or a photoresist. Another
advantage PECVD has over thermal oxide is that this deposition happens very quickly. To grow
a 6um layer can take anywhere from 1½-2 hours depending on the growth parameters. This is
significantly faster than thermal oxide’s growth rate. Finally, thanks to the plasma formed in the
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chamber, the oxide can be deposited at much lower temperatures than thermal oxide. This is one
of the main reasons we use PECVD oxide. Our devices can break if exposed to temperatures
higher than 300 °C. Using PECVD machine allows us to deposit oxide without fear of damaging
chips.

Oxide Thickness over Time
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Figure 3.2: Thermal oxide thickness over time according to the Deal-Grove model. Graph was
obtained from the BYU cleanroom website [35].

Even with all of PECVD’s advantages, PECVD oxide does have one major disadvantage:
the oxide deposited is not as pure as thermal oxide. As mentioned in the first section, these
impurities can cause problems as water is absorbed into the film and changes the refractive index.
Our group needed to look at other alternatives to stop or reduce water absorption in our PECVD
films. One option we had was to utilize the newly purchased PECVD machine.
Until recently, BYU only had two PECVD machines. One was dedicated to silicon nitride
films while the other was dedicated to silicon dioxide. The latter machine, known as PECVD2,

22

was an older machine that did not have precise control over process parameters. The depositions
varied slightly from day to day, and the oxide did not have very good uniformity. In order to
investigate the effects of stress on water absorption, our group purchased a new machine for
depositing silicon dioxide. This machine became known as PECVD3.

3.3

PECVD3

3.3.1 Preparation for PECVD3
After deciding to purchase a new PECVD machine, many things had to be done in order to
prepare for its arrival. The first was to choose an installation location in our already crowded
cleanroom. It was decided that we would remove an older machine that not many people used to
make room for PECVD3. This location provided good access to nearby gas lines as well as the
pump room, which sat just behind the wall where the pump and chiller could be placed as seen in
Figure 3.3. The old machine was removed and space cleared for PECVD3.
Next, the gas lines had to be piped from the gas cabinet to PECVD3’s gas box. It was
originally planned to add a T connector to the necessary lines in between the cleanroom wall and
the brick PECVD1 and PECVD2. However, further inspection revealed that doing so would
require squeezing in between a 2-foot-wide opening to access the lines. An alternative method
was found by branching off from the existing lines coming from the gas cabinet before they went
through the cleanroom wall (Figure 3.4). New lengths of pipe were ordered and bent to shape to
reach the future location of the gas box mounted to the cleanroom wall above the PE2.
The next task was to prepare for the arrival and installation of the pump and chiller. The
only thing that could be done before their arrival was to prepare the pump room for the electrical
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Figure 3.3: Planned location of PECVD3 in the BYU cleanroom

Figure 3.4: PECVD3’s gas lines branching off the gas cabinet. The pipes were bent and fed through
holes drilled in the wall to reach the gas box.
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wiring needed for the machines. BYU Facilities was contacted to add a 50-amp, 208-volt, 3-phase
breaker to the breaker box for PECVD3 and pump (powered together). A pre-existing 30-amp
plug was planned to use for the chiller. It was later discovered that this 30-amp plug was actually
piggybacking off another plug. The breaker was only rated for 30-amps so putting two 30-amp
machines on this line quickly tripped the circuit breaker. BYU Facilities ended up having to install
another 30-amp breaker for the chiller, maxing out the capacity of the breaker box.

3.3.2 Installation of PECVD3
PECVD3 arrived in three large crates, which we disassembled with hand tools. The
machine was moved into the cleanroom through the large emergency doors (seen in Figure 3.5)
into the spot cleared previously. The next task involved mounting the large gas box to the wall to
where the gas lines were previously routed. We needed to drill holes into the cleanroom wall to
stick the mounting hardware, but were advised to check behind the wall as to not drill through any
important things on the other side. Further inspection revealed that the filtration system was much
lower in the pump room than in the cleanroom. Had we drilled the originally planned mounting
holes, we would have drilled through one of the cleanroom filtration units in the pump room. We
drilled different holes for the mounting hardware and a separate hole for the exhaust line of the
gas box. A flexible tube connected the gas box exhaust to the house exhaust in the pump room.
Finally, we mounted the box to the wall (Figure 3.6).
The gas lines were connected to the gas box using a combination of Swagelok Tube Fittings
and Swagelok VCR connectors.

Each of these connectors has its own advantages and

disadvantages, but for this thesis, all that is worth mentioning is that VCR connections had to be
used for highly toxic or flammable gases like silane.
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Figure 3.5: Moving PECVD3 into the cleanroom through the large double doors

Figure 3.6: PECVD3 gas box mounted to the cleanroom wall above PE2. The gas lines from the gas
cabinets enter the box from the top left, while the single gas line going to PECVD3 leaves from the
top right. The box’s exhaust leaves the box from the middle left.
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The chiller needed to be installed next. A different chiller was chosen from the one that
was sent with PECVD3 due to the size constraints of the pump room. This different chiller could
handle four separate lines, which was needed for PECVD3, PECVD3’s pump, and another pump
connected to the Trion. The fourth line remained open for future use. While tightening one of the
connectors during installation, it broke and spewed dirty water all over the cleanroom floor (Figure
3.7). The cleanroom manager was nearby and turned off the water line before it could do any more
damage. It took two of us 1 hour to clean up all the dirty water from the floor. The chiller would
continue to give us more problems in the future and the internal motor assembly would have to be
sent off to be rebuilt.

Figure 3.7: A connector for the chiller broke and spewed dirty water over the floor. It took two of
us over an hour to clean it all up.
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Another problem occurred while installing the pump. We wanted PECVD3’s chamber to
pump down as fast as possible, so a 2 ½ inch wide metal pipe with flanges was designed to go
from the back of PECVD3 to the pump as seen in Figure 3.8. The design was put on paper and
sent to a machine shop in town for the welding. The pipe was installed and a pump-down test was
performed. However, the chamber only got down to around 40 millitorr when it was expected to
get down around 1 millitorr. A leak was suspected and the pipe was inspected, looking closely
around the weld joints. After inspection, a pinprick-sized hole was found in one of the welds by
the flange. After re-welding this section of the pipe, the chamber pumped down to 2 millitorr
without any problems.

Figure 3.8: Custom made metal pipe to go from the back of PECVD3 to the pump. A small
pinprick-sized hole near the flange’s weld prevented complete pump down of the chamber and had
to be re-welded.
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The last thing needed to install PECVD3 was the installation of the computer mount that
holds the desktop, keyboard, and mouse. We wanted it such that the keyboard and mouse could
store against the wall while not in use, so a special mount was ordered that could fold for storage
(Figure 3.9). The mount was bolted to the cleanroom wall and all associated wiring for the
computer was completed. The computer itself would not initially boot, but it was found that the
attached keyboard prevented startup from happening.

After unplugging the keyboard, the

computer booted up just fine.

Figure 3.9: Installing the foldable keyboard and mouse stand
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Finally ready to turn on PECVD3 for the first time, the power switch was flipped on.
However, nothing happened. The machine was not getting power somehow. All the wiring and
connections were double-checked. The circuit breakers in the back of the machine were also
checked and were showing “green”, which we thought meant they were switched on. However,
after a couple of unsuccessful days, it was discovered that “green” did not mean the breakers were
on, but it meant they were shut off. “Red”, on the other hand, was the color that meant it was
turned on. With the circuit breakers all showing “red”, PECVD3 powered to life and its first
plasma was struck (Figure 3.10). The machine was used without problems for the next couple of
weeks.

Figure 3.10: PECVD3’s first plasma in BYU’s cleanroom
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After many successful runs, however, the machine stopped working. Whenever power was
sent to the pump through the software to tell it to turn on, all you could hear was a clicking noise
coming from the back of the machine. After contacting the company we purchased it from, we
were sent a new relay to install in the old relay’s place (Figure 3.11). Unfortunately, the relay sent
to us was not the exact same model as the broken relay. Wires had to be carefully labeled and
connected to the new relay to get it functioning again. Switching out the relay fixed the machine
and PECVD3 has since continued to operate without any major problems.

Figure 3.11: The old broken relay on the left with the replacement relay on the right. Wires had to
be carefully labeled and re-wired for the new relay.

With PECVD3 fully functional, it was up to us to find a recipe that gave us a good index
and stress for our oxide growths. Rather than start from scratch, pre-loaded recipes were adjusted
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while using other PECVD machines as a reference. It took many different runs of trial and error
along with finding material online for us to finally get an idea about the process parameter trends
of PECVD3.

3.4

Trends in PECVD3
After installing PECVD3 in our cleanroom, Erik Hamilton and I spent a lot of time

characterizing the machine trying to find a low stress recipe. We kept all of our data on a Google
Docs spreadsheet, which we would reference whenever we needed to find a film of specific stress
or index of refraction. In an effort to consolidate the many pages of data and to make it easier for
future researchers to find recipes they are looking for, I have included Table 3.1, which gives the
general trends we found while searching for our recipe. I have also included graphs that show the
associated trends. The stress and refractive index measurements were obtained using techniques
found later in Section 4.
Table 3.1: PECVD3 Oxide Trends

Refractive

Deposition

Stress

Index

Rate

↑ SiH4 / N2O

↓

↑

↑ RF Power (high pressure)

↑

↑

↑ RF Power (low pressure)

↓

↑

↑ Pressure

↑
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Stress vs RF Power @ 1900 mTorr
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Figure 3.12: Graph showing the stress vs RF power of three different recipes at 1900 mTorr. All
recipes were grown with 164 sccm SiH4, 88 sccm N2O at 250°C. They were grown at different times
however. Recipe 1 and 3 were grown before we learned how to properly clean the chamber.
Recipe 2 was grown after learning how to clean the chamber properly and represents our most
current recipe.

Stress vs RF Power @ 1000 mTorr
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Figure 3.13: Graph showing the stress vs RF power of three different recipes at 1000 mTorr.
Recipe 1 was grown with 170 sccm SiH4, 710 sccm N2O at 300°C. Recipe 2 was grown with 170
sccm SiH4, 710 sccm N2O at 250°C. Recipe 3 was grown with 41 sccm SiH4, 22 sccm N2O at 250°C.
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Stress vs Pressure
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Figure 3.14: Graph showing the stress vs pressure. Each recipe was grown with 82 sccm SiH4, 44
sccm N2O at 250°C with only the chamber pressure changing.
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Figure 3.15: Graph of stress vs SiH4/N2O ratio. Each recipe was grown at 1900mTorr and 250°C at
16 W RF power.
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Index vs SiH4/N2O
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Figure 3.16: Graph of refractive index vs SiH4/N2O ratio. Each recipe was grown at 1900mTorr
and 250°C at 16 W RF power.
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Figure 3.17: Graph of stress vs refractive index. Each recipe was grown at 1900mTorr and 250°C
at 16 W RF power.
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4

4.1

THIN-FILM STRESS

Causes of Stress
Stress is common to all materials in varying degrees, but are especially relevant in thin

films. High stress in thin films are known to cause micro devices to fail [36]. Stress can also cause
changes of optical properties in optoelectronic devices [37].
There are two different types of stress. Stress that causes the film to curl upwards is called
tensile stress, while stress that causes films to bend downwards is called compressive stress.
Convention labels these different types of stress as positive (+) and negative (-) stress respectively.
The cause of stress can all be related to the interatomic distances of the atoms in the film.
All atoms have a set distance that they like to be away from neighboring atoms. This is caused
due to the protons and electrons of the atoms. The protons have a positive charge while the
electrons are negatively charged. Opposite charges will attract (positive-negative), while likecharges (positive-positive, negative-negative) will repel each other. When two atoms are far away
from each other, there is little to no attractive forces. As they get closer together, they will start to
become more attracted to each other due to the opposite charges. As the distance between the
atoms decreases, the net attractive force will start to go down due to the repelling forces of the like
charges. Eventually, the atoms will reach an equilibrium point where the attractive forces equal
the repelling forces as seen in Figure 4.1. This distance is what all atoms in a film are trying to
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achieve. Once atoms reach this point they will do everything they can to stay there. However,
depending on the deposition conditions of the film we can put down more or less atoms than what
is ideal.

Figure 4.1: Graph of force vs atomic separation of two atoms

Figure 4.2(a) represents a plane of atoms in their equilibrium point. All atoms are
equidistant from each other. However, if there are too many atoms on the surface of the wafer as
seen in Figure 4.3(a), the film will try to spread out the atoms so that their bond lengths are at
equilibrium. This will push the film outward and cause the wafer to bend down with negative
stress seen in Figure 4.3(b). Contrarily, if there are too few atoms on the surface of the wafer as
seen in Figure 4.4(a), the film will pull in to achieve equilibrium, causing the wafer to curl upwards
with positive stress as seen in Figure 4.4(b)
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(a)

(b)

Figure 4.2: (a) Atoms at equilibrium with each atom equidistant from neighboring atoms (b) A film
on a substrate with zero intrinsic stress

(a)

(b)

Figure 4.3: (a) Extra atoms in the film that will repel adjacent atoms to achieve equilibrium (b) A
film on a substrate with negative stress caused by the film trying to expand

(a)

(b)

Figure 4.4: (a) Gaps where atoms should be that will attract adjacent atoms to achieve equilibrium
(b) A film on a substrate with positive stress caused by the film trying to contract
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4.2

Measuring Film Stress Using the Stoney Formula
The most common way to measure thin-film stress is by measuring how much the substrate

bows after the film has been deposited. Together with some constants of the substrate and film,
one can use the well-known Stoney equation to calculate the stress [38]. This equation is expressed
by

𝐸𝑠 ℎ𝑠2
𝜎𝑓 =
,
6ℎ𝑓 (1 − 𝑣𝑠 )𝑅

(4.1)

where 𝜎𝑓 is the film’s stress, 𝐸𝑠 is the Young’s modulus of the substrate, ℎ𝑠 is the thickness of the
substrate, ℎ𝑓 is the thickness of the film, 𝑣𝑠 is Poisson’s ratio of the substrate, and 𝑅 is the radius
of curvature the substrate. The Young’s modulus and Poisson’s ratio are both constants relating
to the substrate and can be looked up in books or online. The thicknesses of the substrate and film
are user dependent and vary from process to process. The final variable needed to compute the
stress is the radius of curvature of the substrate. The radius of curvature is represented in Figure
4.5. As you could imagine with a thin film that barely bends the substrate, the radius of curvature
can be quite large.
To calculate the radius of curvature, we need to measure how much the wafer bowed due
to the deposited film. In the BYU cleanroom, we measure the bowing of the wafer with the Zeta20 3D optical profilometer.

4.3

Zeta-20 3D Optical Profilometer
The Zeta-20 3D optical profilometer (seen in Figure 4.6) made by Zeta Instruments is a

new machine to the BYU cleanroom purchased for its ability to take 3D scans of micro-sized
features. This has been helpful for many different research groups both in and out of the cleanroom
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Figure 4.5: The radius of curvature of a stressed film

to get a better understanding of what size and height their features are and to take pictures for
publications. Although the machine and associated software is proprietary, we have a basic idea
of how it works. The machine takes a series of pictures from the bottom of a sample to the top. It
uses autofocusing techniques to tell which features are in focus and which are not. Using this data,
it can construct a 3D image of your sample. In addition to taking a 3D image of a feature, a lesserknown ability the machine has is taking a stress measurement of a wafer. Using the autofocusing
methods mentioned above, the Zeta-20 scans a series of points across the wafer and records the
height at those points. By doing this scan before and after deposition, it can calculate how much
the wafer’s curvature has changed. The software has an option to use these measurements to
calculate the film’s stress. As I had to teach myself how to perform these measurements to
complete my thesis, I have included the procedure to perform them in the next section.
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Figure 4.6: Zeta Instruments Zeta-20 3D optical profilometer located in the BYU cleanroom

4.4

Procedure for Measuring Stress
In this section, I will outline the steps needed to do stress measurements on the Zeta-20 3D

optical profilometer. I am assuming that the reader is familiar with the basics of using the 3D
profilometer.
1. Turn on the machine and log into the Zeta3D software using the username and
password given you in the training. Press the OK to initialize the Z and XY stages.

41

2. From the main screen go to the Sequence tab at the top.
3. In the Sequence tab, click the Load button to load a new sequence.
4. Choose the horizontal across 4 inch wafer.map sequence located in C:\Program
Files\Zeta Instruments\recipe. This should bring up a Sequence Dialog that will be
next to the Scan Dialog as seen in Figure 4.7.

Figure 4.7: Zeta3D software window after opening the horizontal across 4 inch wafer sequence

5. Change the Current Recipe in Scan Dialog from Zeta 3D to Stress in the Scan Dialog
window.
6. If you have not already, load the special chock onto the main plate. The three nubs on
the bottom of the chock should go on the outside of the main plate. The chock can be
seen in Figure 4.8.

42

Figure 4.8: Chock used to perform stress measurements. The wafer sits on top of the 3 metal
spheres with the middle of the flat edge of the wafer pressed up against the white nub at 12 o’clock
and the right side of the wafer pressed up against the white nub at 3 o’clock.

7. Rotate the chock so that the one white nub is at the 12 o’clock position and the other at
the 3 o’clock position (you may have to lift and reposition the chock).
8. Rotate the chock clockwise so the bottom nub presses against the screw that tightens
the main plate to prevent it spinning.
9. Load your wafer to be measured so that the white nub at the top of the chock is in the
middle of the long flat edge of the wafer and slide the wafer up and right until it pushes
gently against the sides of the two white nubs. The reason we do this is to get the chock
and wafer in roughly the same spot each time we do a scan.
10. Rotate the objective to the white 100x magnification lens.
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11. In the Sequence Dialog, select the first point located at X=-45000 and click Go To XY
to make the machine move above the first point to be scanned.
12. Click the Down button on the main toolbar and hold the space bar to make the Z
objectives travel down quicker. Keep an eye on the objective. It will crash into your
wafer if you are not careful. Release the spacebar when the objective is fairly close to
the wafer.
13. Turn on Display Focus Assist/Z-Dots and fine tune the height using the Page Up, Page
Down, and mouse wheel until you can see the grid marks indicating the wafer is in
focus on the live image. The rough height that wafers tend to be in focus is at 11630
µm.
14. Once you have the first point of the sequence in focus, click Set Nominal Focus in the
Scan Dialog and save the recipe by clicking Edit Recipe – Save To File – Stress.rcp –
Save – Yes – Yes – OK.
15. Load the newly saved recipe in the Sequence Dialog by going to Load Recipe –
Stress.rcp – Open.
16. Click on the first point at x = -45000 and click Run to begin the scan.
17. The scan will commence. Keep an eye on the screen to see that the points are coming
into focus. If they do not, you may have to increase the No. of Steps in the Scan Dialog
or increase the µm/step by going to System – System Setup – Auto Focus Step Size
(µm) and changing the 11th option (default is 0.01. Incrementing by 0.01 is a good rule
of thumb).
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18. After the scan finishes, the scan will be located in C:\Zeta Data\Sequence\horizontal
across 4 inch wafer in a folder with the date and time the scan started. Rename the
folder so that it is more recognizable such as “Wafer 1 Pre” or “Wafer 1 Post”.
19. Perform the deposition of your wafer.
20. After the deposition is complete, repeat steps 1-18 to do your post deposition scan.
21. With both scans completed, you are ready do the stress measurement. Go to the
Sequence tab and choose Stress Report. A dialog will pop up to choose a pre and a
post deposition files. Choose the pre and post result.csv located in the folders you
renamed previously in Step 18.
22. Another pop up will appear asking for the biaxial elastic modulus of the substrate
(1.805 * 1011 Pa for <100> silicon wafers), the substrate thickness in microns (500-550
µm for a typical silicon wafer), and the film thickness in microns that you deposited.
23. The results window will appear similar to Figure 4.9 showing the stress across the entire
wafer. The number you want to look at is the Avg. Stress colored in blue. The units
for this number are in MPa.
24. Raise the objective with the Unload Wafer button. Remove your wafer, the chock, and
store the chock on the shelf. Shut off the machine.
Due to the proprietary nature of the Zeta3D software, we have no way of knowing exactly
how they are calculating the stress of the film. We assume it uses the Stoney formula in some
way. Therefore, to double check that the stress measurements the Zeta3D software was giving
were reasonable, I wrote a Matlab script found in Appendix B that uses the pre and post deposition
files created while doing the pre and post deposition scans in the Zeta3D software. Using these
files, the script takes the difference in height to find out how much the wafer bows from the film
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Figure 4.9: Window displaying the results of a stressed wafer. This particular film had an average
stress of -99 MPa.

deposition. By plotting these points on a graph and using a method described by Pratt, the script
finds a best-fit circle through the points and its associated radius [39]. Plugging this into the radius
of curvature of the Stoney formula with the other substrate and film constants calculates the thinfilm stress using Matlab. It is recommended that the user double-check that the value given by
Zeta3D is accurate by using this alternate method of calculation.
One advantage the Matlab script has over the Zeta3D software is the ability to remove
points from the calculation to get a more accurate stress measurement. During the scan, some
points may read very different from what they most likely are as seen in the first point of Figure
4.10. These points will skew the data. Uncheck any points that you would like to be removed
from the calculation to recalculate the stress.
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One disadvantage the Matlab script has is that it cannot accurately measure very low stress
values (less than ±8 MPa). Because it is trying to match a circle to the points of the graph, it cannot
find a best-fit circle for a very flat set of points as the radius would be infinitely large. If the
resulting best-fit circle does not go through any of the points and seems fairly low stress, it is
recommended to use the Zeta3D software’s stress value instead.
Follow the steps below to use the Matlab script:
1. Open Matlab on the computer next to the 3D profilometer.
2. The Ultimate Stress calculator should already be open in a tab. If not, you can find it
in C:\Zeta Data\Sequence\horizontal across 4 inch wafer.
3. Run the script by pressing the green play button. If a dialog pops saying the .m file
was not found, click change folder.
4. Similar to the Zeta3D software, select a pre and a post .csv file.
5. A pop-up will appear asking for the elastic modulus, substrate thickness, and film
thickness. These numbers will be the same as what was used for the Zeta3D software.
6. A graph will appear like Figure 4.10 showing the points on the wafer as well as the
best-fit circle that was calculated for the points. Another window below the graph has
checkboxes and can be used to remove points from the scan and recalculate the best-fit
circle and stress. The values calculated from Zeta3D and the Matlab script should be
fairly close and should give you an idea how accurate the measurements are.
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Figure 4.10: Example Matlab graph with first point skewing the data. You would need to uncheck
the first checkbox to remove this point from the calculation.

4.5

Explanation of Ellipsometry
Ellipsometry is a well-known technique that uses the optical properties of light to measure

properties of thin films such as refractive index and the film thickness. It does this by measuring
the polarization state of the light as it is reflected from the sample. We use the ellipsometer to
measure growth rates and indices of films to accurately grow 6 µm of silicon dioxide. To better
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understand what exactly is going on in the cleanroom ellipsometer (a Gaertner Scientific
Corporation 1169-AK) we need to understand the basics of polarization.
An electromagnetic wave such as light is composed of two different waves: an electric field
and a magnetic field. The electric field is always perpendicular to the direction of propagation of
the wave, and the magnetic field is perpendicular to both the direction of propagation and the
electric field. Normally, light is unpolarized. This means that there is no coherent pattern to the
light as it is traveling. However, if light passes through something like a linear polarizer, you a
wave like you see in Figure 4.11. The reason this light is called linearly polarized is that if the
wave is traveling right at you and you observe the electric field, it will appear to move up and
down in a straight line. Other types of polarization include circular polarization where the electric
field appears to travel in a circle when viewed from the end and elliptical polarization, which
appears like an ellipse when viewed from the end. Our ellipsometer seen in Figure 4.12 uses two
linear polarizers located in the dials. A basic overview of what happens is in the next paragraph.

Figure 4.11: Linearly polarized electromagnetic wave obtained from [40]
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The ellipsometer has a laser source emitting a beam of unpolarized light of a specific
wavelength. It passes through a linear polarizer, which polarizes the light to whatever angle the
polarizer is set to. The linearly polarized light then goes through a quarter-wave plate. What the
quarter-wave plate does is take the linearly polarized light and divides it into two different
components. Depending on the angle of polarization of the incident light, the light coming out of
the quarter-wave plate can be circular polarized, elliptically polarized, or remain linearly polarized,
but for this device it is almost always elliptically polarized. Hence the name, ellipsometer. This
light then reflects off the substrate and thin film, which changes the polarization slightly. The light
finally goes through another linear polarizer and arrives at the photo detector.

Figure 4.12: The 1169-AK nulling ellipsometer found in the BYU cleanroom
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The 1169-AK is what is called a nulling ellipsometer. It is called this because the goal the
user is trying to achieve with the two dials is to adjust the linear polarizers such that no light
reaches the photodetector. Just before the photodetector is the right-most linear polarizer also
known as the analyzer. In order to block all light reflecting of the substrate, the reflected light
must be linearly polarized, and the analyzer must be set to 90° perpendicular to the reflected light.
The thickness and index of the film will change the polarization of the incident light; therefore,
the purpose of the left polarizer and quarter wave plate is to find the angle of linear polarization
that causes just the right elliptical polarization such that the reflected light is linearly polarized.
By inputting the angles of the two polarizers where the reflecting laser light is at minimum into a
program, we can calculate the film’s refractive index and thickness with very good accuracy.

4.6

Procedure of Using Ellipsometer
1. Load your wafer onto the platform.
2. Turn on the ellipsometer using the key. The light should turn on. Open the laser cover by
pulling the tab towards you.
3. Run the Ellipsometry Calculator script in Matlab on the nearby computer. A window
should pop up similar to Figure 4.13.
4. Set the left polarizer to 95° and the right polarizer (analyzer) to 45°. Note: This is the rough
starting point for 100nm of silicon dioxide. If you are measuring other thin films or
thicknesses, the numbers will vary.
5. Slowly rotate the left dial up and down until you see the needle’s power drop, then slowly
rotate the right dial until you see the needle drop some more.

51

6. Continue to alternate back and forth between the dials, making small adjustments until the
needle is as close to zero as possible.
7. Read the angle of the polarizer and analyzer and put their angles into the ellipsometry
calculator in Matlab (P1 and A1 for 1st set of polarizer and analyzer angles 1, P2 and A2
for 2nd set of angles). You read the angle by looking where the zero mark is. This tells you
the whole number angle. To read the decimal point, look at which of the 10 marks lines
up best with the marks on the dial. Figure 4.14 has an example of how to read it.

Figure 4.13: Ellipsometry calculator GUI created in Matlab. The code for this calculator can be
found in Appendix C.
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Figure 4.14: How to read the ellipsometer dials. Look at the 0 mark. The line is in between 92 and
93°. Now look at the 10 marks and see which lines up best with the marks on the right side. In this
case, the 6th mark lines up very well with the other line. Therefore, this dial is at 92.6°.

8. Rotate the left polarizer to roughly +90° of the first polarizer angle, and the right analyzer
to roughly 180° minus the first analyzer angle.
9. Repeat steps 5-7 to find the second set of angles needed to perform the calculation.
10. Press the calculate button and wait for the program to calculate the index and thickness.
11. If you desire to know the growth rate and calculate the time required to grow a certain
thickness, use the Time and Rate Calculator section to put in the time the test wafer was
grown as well as the desired thickness and press the Calculate Time button.
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5

5.1

WAVEGUIDE TESTING

Preparing the Wafers
In order to test our hypothesis on whether stress affects the water absorption in our chips,

we had to use the techniques learned about in Section 4 to discover index of refraction, growth
rates, and the final stress values of the films. Understanding the parameters of PECVD3, we were
able to find recipes for -100, -50, 0, +50, and +100 MPa stress. The corresponding recipes can be
found in Appendix A.
In order to prepare these wafers for growth, we first need ARROW wafers onto which to
grow the films. We purchase our wafers from another company who sputter on the layers found
in Table 3.1. When these wafers arrive, we deposit a 20nm thin film of oxide to act as an adhesion
promotor for oxide that would be deposited in a later step. After the oxide deposition, the ARROW
wafers are ready for the first fabrication step.

5.2

Waveguide Fabrication
The procedure for fabricating waveguides for testing follows only some of the fabrication

steps used in making the full Lab-on-a-Chip biosensor. The full steps to make said chips are not
covered in this thesis and can be found in other theses. The following contains the steps needed
to create rib waveguides for stress testing. Note: for the hot plate times with a parenthesis (e.g. 6
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min), the time indicated is the approximate time it takes for the hotplate to reach the set
temperature.
1. Grow ARROW layers over a blank silicon wafer or use a commercially made one (Figure
5.1 a)
2. Grow 6 µm of SiO2 with desired stress over the ARROW wafer prepared previously
(Figure 5.1 b)
3. Spin on SU-8 10. 500 rpm at 100 rpm/s for 6 sec, ~4000 rpm at 1200 rpm/s for 60 sec,
then a final spin of 6000 rpm at 6000 rpm/s for 2 sec. (Figure 5.1 c) Note: the 4000 rpm
can be raised or lowered to achieve a good height of SU-8
4. Soft bake the wafer. 65°C for 5 min, ramp to 95°C for 5 min (~8 min), ramp to 65°C (~7
min).
5. Expose wafer in south aligner (without the filter) for 20 seconds using the mask labeled
“BCW TEST”. (If the waveguides do not stick to wafer during development, you may have
to raise the exposure time to up to 60 seconds)
6. Post exposure bake the wafer. 65°C for 4 min, ramp to 95°C for 4 min (~6 min), ramp to
65°C (~7 min).
7. Develop in SU-8 developer (~1-2 min) until SU-8 fully developed.
8. Measure core width and height using the cleanroom profilometers. Width should be ~5
µm (will shrink about 1 µm after hard bake), height 5-6 µm (Figure 5.1 d). If width or
height is off, place wafer in Nanostrip for 30 min at 90°C to remove SU-8, do a 15 min
dehydration bake, and go back to Step 2. Otherwise, continue with Step 8.
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9. 1st hard bake. Ramp from 65°C to 200°C for 10min (~12 min), ramp back down to 65°C
(~20min).
10. Descum wafer. 50 W for 60 sec.
11. 2nd hard bake. Ramp from 65°C to 250°C for 5min (~8 min), ramp back down to 65°C
(~23 min).
12. Descum wafer. 50 W for 60 sec.
13. Measure core width and height. Width should be ~4 µm, height ~5 µm. If not, follow Step
7.
14. Now that we have SU-8 protecting what will eventually be our waveguides, it is time to
etch our waveguides. Use the Trion’s “SAP Oxide” recipe to etch 3 µm of oxide (Figure
5.1 e). Be sure to have a test wafer of the same recipe beforehand to check the etch rate.
15. TC1 the wafer (H2O2:RS-6 in a 1:10 ratio) for 10 min at 55°C.
16. Put wafer in Nanostrip for 30 min at 90°C to remove SU-8.
17. TC1 the wafer (H2O2:RS-6 in a 1:10 ratio) for 10 min at 55°C.
18. Descum wafer. 100 W for 60 sec.
19. Measure height of rib waveguide. Should be ~3 µm tall (Figure 5.1 f).
20. Place in bakeout oven for 24-48 hours to remove excess water.
21. Cleave wafer into smaller chips using diamond tipped pen to prepare for testing.
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Figure 5.1: Diagram of the fabrication steps and geometries of our rib waveguides
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5.3

Waveguide Testing Setup
Now that we have chips ready to test, we need a setup with which to do perform the

waveguide testing. Tom Wall, a PhD student at the time of this writing, designed the setup you
see in Figure 5.2. The sample you would like to test is put onto an adjustable XYZ stage for
measuring. You align the chip to the fiber using the two 90° beam splitters flipped in the up
position. This allows the backlight to illuminate the edge of the sample and to see it using the
camera. After illumination, you lower the beam splitters, which allows the laser light to travel
unobstructed to the photodetector. A more detailed explanation of how to do waveguide testing is
found in the next section.

Figure 5.2: Diagram of our waveguide testing setup

5.4

Waveguide Testing Procedure
In order to test our hypothesis on whether stress affects the water absorption in our chips,

we had to test the optical throughput of the fabricated waveguides. The following is a more indepth explanation of how to perform waveguide testing using the test setup in room 409 of the
Clyde Building:
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1. Turn on all machines used for waveguide testing: the laser power source, photodiode
amplifier, backlight LED, and top view light. On the computer, open the two different
camera software: ToupView for the top view, ThorCam for the side view camera.
2. Measure and record the initial laser’s power coupled directly to the objective at a set power
setting. Move the sliding chip stage out of the way and lower the beam splitters. Loosen
the sliding fiber stage and bring the fiber closer to the objective. Move the stage around
and use the YZ adjustment to shine the laser at the photodiode. Use the reflection of the
laser off the photodiode on the opposite wall and the X adjustment to make sure the laser
is in focus for this measurement.
3. Remove the sliding platform with double-sided tape that the chip is placed onto. Place the
chip to be tested near the bottom left of the platform. The waveguides should be
perpendicular to the stage and the left edge should hang slightly off the platform as seen in
Figure 5.3.
4. Carefully push down on the chip with tweezers without damaging any waveguides to
secure it to the platform. You may have to replace the double-sided tape if it does not stick
well.
5. Load the sliding platform back onto the setup. Carefully bring it into position so the
waveguides are roughly in front of the objective lens and lock it into place using the
setscrew. You may need to adjust the stage to do so.
6. Bring the fiber into view of the top view camera by loosening the top two screws and
carefully pushing it closer to the chip. Once the fiber is close enough to the chip, lock it
into place by tightening the two screws.
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Figure 5.3: Where to put the chip in relation to the sliding platform of the testing setup

7. Use the line drawing tool to draw a line in the middle of the fiber. Rotate the chip’s XYZ
stage so that the waveguides are aligned to this line as seen in Figure 5.4.
8. Raise the two beam splitters and remove the side view camera’s cover. Bring the chip into
view of the side view camera by slowly twisting the X and Z knobs. Once the side of the
chip is in focus, raise/lower the stage until you see the top oxide of the chip.
9. Find the waveguide you would like to test by adjusting the Y and Z-axis knobs.
10. Turn on the laser to a very low power. Line up the fiber by adjusting the Y and Z-axis
knobs until you see light guiding in the waveguide on the side view camera. You may have
to move the fiber closer to the chip or increase the laser power to see this effect better. An
example image is found in Figure 5.5.
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Figure 5.4: Waveguides are properly aligned to the fiber using the line drawing tool in ToupView

11. Bring the fiber up to the facet of the waveguide by slowly moving it closer with the X-axis
knob. Use the top view camera to see how close you are to the edge. Once it is very close,
look at the side view camera. Once the fiber touches the chip, you should see a slight shift
of the chip as it bumps it.
12. Back off just a hair from the chip and move the fiber XYZ stage until you see the light very
strongly confined in the waveguide. Find where the light appears to be at its maximum
power.
13. Lower the two beam splitters. Turn up the laser power to the same power you use to
measure the initial laser throughput in Step 2. You should see the power on the photodiode
amplifier increase accordingly.
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Figure 5.5: Example of light guiding well in the waveguide. Fiber adjustment may be necessary to
obtain good mode profile.

14. Find the maximum throughput going through the waveguide by gently turning the fiber YZ
knobs. Once the maximum throughput has been found, record the value and lower the laser
power.
15. Move onto the next waveguide to test by raising the beam splitters and moving the fiber
away from the chip. Move the chip’s YZ stages until you see the next waveguide appear
on the side view camera and repeat Steps 10-14 to measure its throughput.
16. Once you have finished measuring all the waveguides, remove the chip from the stage by
moving away the fiber, loosening the stage’s set screw, and sliding the chip away from the
objective. Use a pair of tweezers to carefully grab the chip and place it into the Crockpot
for further testing.
17. Turn off all the machines. Close the computer software.
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6

6.1

RESULTS AND DISCUSSION

Graphs of Results
After many hours of testing waveguides, we compiled all our results and graphed their

throughputs vs time. The resulting graph is seen in Figure 6.1.

Figure 6.1: Plot of the optical throughput vs. time spent in humid environment of different stressed
rib waveguides. The -50 MPa waveguides use diamond markers, the ±0 MPa waveguides use
triangle markers, the +50 MPa waveguides use circles, and the +100 MPa waveguides use squares.
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One thing to note is that each set of waveguides had different initial optical throughput.
This was unavoidable due to small variations during the fabrication process. To give us a better
idea of how the waveguides compare to each other, the graph was normalized to the highest optical
throughput of each set. The resulting graph is seen in Figure 6.2.

Figure 6.2: Plot of the normalized optical throughput vs. time spent in humid environment of
different stressed rib waveguides. The -50 MPa waveguides use diamond markers, the ±0 MPa
waveguides use triangle markers, the +50 MPa waveguides use circles, and the +100 MPa
waveguides use squares.
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6.2

Interpretation of Results
As you can see from Figure 6.2, the ±0 MPa stress rib waveguides were the most resilient

to the humid environment with the optical throughput decreasing by only 50% after nearly 40 days
of testing. The +50 MPa stressed waveguides performed next best, dropping to 20% of the original
throughput after 40 days. The -50 and +100 MPa stressed rib waveguides performed much poorer
than the previous two sets of waveguides. The +100 MPA stressed waveguides dropped to 20%
throughput after 16 days while the -50 MPa stressed wafers dropped to 20% optical throughput
after just 7 days.
You will notice that our -100 MPa stressed waveguide results are not shown on the graph.
We actually had two different -100 MPa stressed waveguide wafers that were fabricated. Our first
-100 MPa wafer was fabricated without any issues, but when we started doing throughput testing
the results consistently came out below 1% optical throughput. Thinking it was just a bad wafer
due to problems during fabrication, we fabricated another -100 MPa stress wafer and patterned
waveguides on them, hoping we would get higher throughput. Unfortunately, we still got
extremely low throughput even after long bake outs to remove any excess water. The -100 MPa
wafer was eventually omitted from our final graph as we felt that it did not give us valuable
information.
It is also worth noting that the index of refraction of the films varied in order to achieve the
desired thin-film stress. However, there was no discernable relationship discovered between
degree of water absorption in a film and index of refraction in rib waveguides.
In addition to the numerical changes of the optical throughput over time, we also observed
a visual change in the mode profile. Figure 6.3 shows waveguide 4-2 on one of the -50 stressed
chips. These are pictures taken right after bakeout when the chip performs the best. Figure 6.3(a)
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shows the top down view of the waveguide while Figure 6.3(b) shows a side view of the mode
profile.
(a)

(b)

Figure 6.3: (a) Top down view of waveguide 4-2 of the -50 stress chips right after bakeout. Notice
how the light stays confined very well in the waveguide. The spreading seen is mostly due to the
fiber being slightly larger than the facet of the waveguide so not all light is coupled.
(b) Side view of the mode profile of waveguide 4-2 of the -50 stress chips right after bakeout. Notice
how the mode is just under the ridge portion of the waveguide and has a good Gaussian shape.
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Figure 6.3(a) shows the waveguide guiding light fairly well with the majority staying
confined to the waveguide. The small amount of spreading surrounding the waveguide is due to
the size of the fiber. The fiber is slightly larger than the waveguide’s facet and so not all light is
coupled into the waveguide, causing the spreading you see in the image. Figure 6.3(b) shows a
good mode profile for this waveguide with a single mode directly underneath the tall portion of
the waveguide. After 7 days in water, however, the top down view and the mode profile of the
same waveguide change dramatically as seen in Figure 6.4.
The top down view of Figure 6.4(a) shows how almost no light stays coupled in the
waveguide after 7 days in a humid environment. Figure 6.4(b) also shows how water absorption
has caused the mode profile to raise up into the ridge portion of the waveguide, causing undesirable
coupling of light out of the waveguide. The light couples out of the waveguide due to the water
creating a high index gradient in the top layer of oxide. This pulls the mode up and out of the ideal
location as illustrated in Figure 6.5.
The results of this section can be summarized as follows: Water absorption affects how
well PECVD SiO2 waveguides guide light by affecting their modal confinement. Although
keeping the intrinsic film stress close to ±0 MPa lessens the influence water absorption has on the
optical throughput of the waveguides, it does not stop the effects altogether. In order to preserve
the modal confinement over time of our biooptofluidic chips, other techniques will have to be
investigated.
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(a)

(b)

Figure 6.4: (a) Top down view of waveguide 4-2 of the -50 stress chips after 7 days in a humid
environment. Notice how almost no light stays confined in the waveguide compared with the
previous figure.
(b) Side view of the mode profile of waveguide 4-2 of the -50 stress chips after 7 days in a humid
environment. Notice how water absorption has raised the mode profile into the ridge portion of the
waveguide, causing light to more easily couple out.

68

Figure 6.5: Illustration of water absorption creating a high index gradient along the top oxide
which pulls the mode profile up into the ridge and into the surrounding oxide.
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7

7.1

MY CONTRIBUTIONS

Contributions
During my time here at BYU, I feel that I have made many contributions to my research

as well as the department that I would like to highlight in this section.

7.2

PECVD3
As talked about extensively in Section 3.3, PECVD3 was installed by Erik Hamilton and

myself during one summer. This machine has been used almost exclusively by Dr. Hawkin’s
research groups to grow their oxides as well as other researchers needing more precise oxide
growths. The ability to control deposition parameters makes it an ideal machine for growing
oxides of various stresses, indices, and thicknesses. In addition to installing the machine, I have
helped diagnose various problems that have come up during its use in the cleanroom. I have done
many test runs to characterize the machine’s parameters so future researchers will not have to start
from scratch in finding a specific recipe. My research finding a low stress recipe has changed the
way our research group deposits oxide for their biosensors, with all current methods utilizing my
low stress oxide. I have trained many researchers on how to use the machine and wrote a guide
for all future users. I have updated the cleanroom website for users to reference. PECVD3 and
the recipes developed during my time here will continue to be in use for many years to come.
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7.3

Zeta-20 3D Profilometer
Although I was not directly involved with the installation of this machine, I was

instrumental in learning how to perform all of its functions. I was one of the initial trainees for
this machine where I was given a basic overview of how to perform a 3D scan. From there I dove
deeper into the software to learn its capabilities. Many researchers had new things they wanted to
do with the 3D profilometer such as doing roughness measurements or exporting the data of the
3D scan into a workable document. When those issues came up, I was the student they came to
ask questions. As the machine’s owner, I trained many more students how to use the 3D
profilometer for their research.
The initial training I received did not cover how to perform stress measurements
(something integral to my research), so it was up to me to develop the methodology for the tests
and to train others on what I developed. I even worked directly with Zeta Instruments in debugging
and improving their software. For example, while performing stress measurements I ran into an
issue where the height measurement were not as accurate as what was expected. After going
through the output files, I realized that the height measurements were only being stored to the first
decimal place. This limited the overall resolution of the stress measurements than what the
machine was fully capable of. After contacting the developers about this issue, they realized it
was an oversight of their program. They made corrections to how the data was stored and issued
the updated software for us as well as all other Zeta-20 users.

7.4

Matlab Scripts
There were two Matlab scripts I developed during my time here that are still used on an

almost daily basis. The first is found in Appendix B and is the script I created as an alternative
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method of calculating the stress of a film. Researchers still use this calculator to double-check the
values given to them by the Zeta3D software. The script also has additional capabilities allowing
researchers to exclude points from the calculated stress value, something that the Zeta3D software
is not capable of.
The second script I developed to calculate the refractive index, thickness, and growth rate
for the cleanroom’s ellipsometer. It is found in Appendix C. Initially, the cleanroom website had
an online calculator for doing these calculations. However, one day the online calculator stopped
working entirely. The system administrators did not know what the problem was and wrote it off
as old, unreliable code. I looked at the original HTML code used to write the calculator and created
a script that would perform the same functions in Matlab. This script is two times faster than the
previous online calculator since the code runs locally on the cleanroom computer. In addition, this
script is not affected if the cleanroom website is down (which happens fairly often). Researchers
use my script every time they perform an oxide growth.

7.5

Papers
I have co-authored one paper that is in review for publication about my research regarding

thin-film stress and water absorption. The reference is:
“Mitigating water absorption in waveguides made from unannealed PECVD SiO2”,
Thomas Wall, Steven Hammon, Erik Hamilton, Gabriel Zacheu, Marcos Orfila, Holger Schmidt,
and Aaron R. Hawkins, Accepted March 17, 2017 Photonics Technology Letters.
In addition to this paper, I have also authored a conference paper for CLEO also about thinfilm stress and water absorption. It is currently in review. The reference is:
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“Preserving Optical Confinement in Unannealed PECVD SiO2 Waveguides”, Steven Hammon,
Thomas Wall, Erik Hamilton, Marcos Orfila, Gabriel Zacheu, Holger Schmidt, and Aaron R.
Hawkins, To Be Presented CLEO 2017.
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8

8.1

FUTURE WORK

Utilizing HID BCWs with Low Stressed Films
Work of previous graduate students has investigated the use of buried channel waveguides

(BCWs) react to humid environments. These previously studied waveguides dropped to 50% of
the original throughput after 20 days in water, performing worse than our low stressed rib
waveguides [41]. However, these BCWs were made with a small index difference between the
core and cladding. Previous work has shown that water absorption could increase the index of the
core by as much as 1.8% [42]. With the previous BCWs, if the refractive index of the cladding
(1.463) increased by 1.8%, it would be higher than the index of the core (1.472). This would cause
light to leak out of the waveguide due to Snell’s Law. By increasing the index of the core to be
more than 1.8% above the index of the cladding, we conjectured that the resulting BCW would be
more resilient to water absorption over time.
To test this hypothesis, high index difference (HID) and low index difference (LID) BCWs
were fabricated using similar steps as the rib waveguides mentioned above. A SiO2 film (ncore)
was deposited over the top of six ARROW layers on a silicon wafer, adjusting the gas flow to
change the refractive index. 12 µm wide waveguides were patterned and etched to 4 µm tall using
a nickel mask. After removing the nickel in nickel etchant, 6 µm of cladding oxide (nclad) was
grown over top of the cores, forming buried channel waveguides. The indices of ncore and nclad for
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the HID BCWs were 1.51 (the ±0 MPa recipe found used for stress testing) and 1.448 respectively,
while ncore and nclad of the LID BCWs were 1.457 and 1.452 respectively. The BCWs were tested
the same way as the rib waveguides, using optical throughput as the indicator for water absorption.

Figure 8.1: Plot of normalized optical throughput vs time spent in humid environment of high index
difference buried channel waveguides (solid line) and low index difference buried channel
waveguides (dashed line)

Figure 7.1 shows the results of testing the HID and LID BCWs. The HID BCWs showed
almost no loss of throughput after 40 days in high humidity, while the LID BCWs dropped to
almost 0% throughput after 10 days in the humid environment. These results show that increasing
the difference between ncore and nclad in the unannealed SiO2 BCWs reduces the effects water
absorption has on optical throughput. By increasing the difference between ncore and nclad, water
absorption will be less likely to make nclad greater than ncore as it absorbs into the cladding. In the
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case of the HID BCW, ncore is 4.3% higher than nclad. Even if water absorption increases nclad of
the HID BCW by 1.8% such that nclad = 1.474, ncore is still much greater than nclad and the
waveguide would continue to guide light well. In contrast, if the LID BCW’s nclad increased by
1.8%, the resulting nclad of 1.478 would be higher than ncore of 1.457 and light from the core would
couple out of the waveguide into the higher index cladding.

8.2

Continuing to Improve Devices
High index difference BCWs are a promising method to reduce the effects of water

absorption in our chips. However, there are other ways that are also being investigated that will
help increase the waveguides sensitivity to light emitted from fluorophores.
One method involves using something called hydrodynamic focusing. What this does is
introduce buffer solution into both sides of the waveguide so that the target particles tagged with
fluorophores stay confined in the center of the waveguide where the incident laser light is of
greatest intensity. Figure 7.2 shows a computer model of 2D hydrodynamic focusing in action.
Although this was presented a few years ago in Michael Olson’s thesis, researchers at BYU are
currently looking into it again to see if we can utilize 3D hydrodynamic focusing to increase the
signal-to-noise ratio of our chips.
Another method being investigated is using a so-called non-reflective “blackout layer” that
goes over the entire wafer. The blackout layer must be patternable so that the only openings of
the layer are directly over the hollow channel near the laser excitation point. This would allow us
to shine the incident laser light from above instead of from the side. Aligning the laser light to the
waveguide from the side using a fiber is a tedious process and is prone to being bumped. If we
can cover all the areas of the chip except the area of excitation, it will allow us to use a larger
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Figure 8.2: Simulation showing hydrodynamic focusing with two buffer channels and one main
channel obtained from Michael Olson’s thesis [43].

diameter laser. Aligning the laser would theoretically be much easier since you do not have to
worry about precision alignment with a fiber and can just shine the laser light over the opening. A
blackout layer would also allow us to increase the power of the laser light without decreasing the
signal to noise ratio due to the higher number of generated photons. As long as the blackout layer
is non-reflective, light that would normally act as noise will be absorbed into the material instead
of going to the photodetector as noise.
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APPENDIX A.

PECVD3 RECIPES FOR STRESSED FILMS

A.1 -100 Stress
Step
Name

HF
LF
Step Power Power SiH4
N2O
CF4
N2
Pressure Temperature
Time (W)
(W) (sccm) (sccm) (sccm) (sccm) (mTorr)
(°C)

N2
Purge

4
min

0

0

0

0

0

900

1800

250

Descum

1
min

20

0

0

0

0

500

1000

250

Oxide
Growth

1 hr
57 m
32 s

40

0

82

44

0

0

660

250

A.2 -50 Stress
Step
Name

HF
LF
Step Power Power SiH4
N2O
CF4
N2
Pressure Temperature
Time (W)
(W) (sccm) (sccm) (sccm) (sccm) (mTorr)
(°C)

N2
Purge

4
min

0

0

0

0

0

900

1800

250

Descum

1
min

20

0

0

0

0

500

1000

250

Oxide
Growth

1 hr
3m
7s

40

20

170

710

0

0

1500

250
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A.3 0 Stress
Step
Name

HF
LF
Step Power Power SiH4
N2O
CF4
N2
Pressure Temperature
Time (W)
(W) (sccm) (sccm) (sccm) (sccm) (mTorr)
(°C)

N2
Purge

4
min

0

0

0

0

0

900

1800

250

Descum

1
min

20

0

0

0

0

500

1000

250

Oxide
Growth

1 hr
25 m
43 s

16

0

164

88

0

0

1900

250

A.4 +50 Stress
Step
Name

HF
LF
Step Power Power SiH4
N2O
CF4
N2
Pressure Temperature
Time (W)
(W) (sccm) (sccm) (sccm) (sccm) (mTorr)
(°C)

N2
Purge

4
min

0

0

0

0

0

900

1800

250

Descum

1
min

20

0

0

0

0

500

1000

250

Oxide
Growth

1 hr
15 m
34 s

25

0

164

88

0

0

1900

250
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A.5 +100 Stress
Step
Name

HF
LF
Step Power Power SiH4
N2O
CF4
N2
Pressure Temperature
Time (W)
(W) (sccm) (sccm) (sccm) (sccm) (mTorr)
(°C)

N2
Purge

4
min

0

0

0

0

0

900

1800

250

Descum

1
min

20

0

0

0

0

500

1000

250

Oxide
Growth

1 hr
12 m
48 s

16

0

164

88

40

0

1900

250

A.6 Cleaning Recipe (time varies based on deposition time)
Step
Name

HF
LF
Step Power Power SiH4
N2O
CF4
N2
Pressure Temperature
Time (W)
(W) (sccm) (sccm) (sccm) (sccm) (mTorr)
(°C)

N2
Purge

4
min

0

0

0

0

0

900

1800

250

Descum

1
min

20

0

0

0

0

500

1000

250

Clean

---

16

0

164

88

40

0

1900

250
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APPENDIX B.

STRESS CALCULATOR MATLAB CODE

B.1 StressCalculator.m
clear all;
Directory = 'C:\Zeta Data\Sequence\horizontal across 4 inch wafer';
userpath(Directory); %sets default directory on startup
[fname, pname] = uigetfile('*.csv', 'Select Pre Deposition CSV File');
tempfilenamePre = fullfile(pname, fname);
PreCSV = csvimport(tempfilenamePre);
[fname, pname] = uigetfile('*.csv', 'Select Post Deposition CSV File');
tempfilenamePost = fullfile(pname, fname);
PostCSV = csvimport(tempfilenamePost);
xpos = str2double(PostCSV(2,2:end));
deltaZ = str2double(PostCSV(4,2:end)) - str2double(PreCSV(4,2:end));
prompt = {'Elastic Modulus (10^11 Pa):','Wafer Thickness (um):','Film
Thickness (um):'};
dlg_title = 'Input';
num_lines = 1;
def = {'1.805','525','6'};
InputGUI = inputdlg(prompt,dlg_title,num_lines,def);
ElasticModulus = str2double(InputGUI(1))*1E11;
WaferThickness = str2double(InputGUI(2));
FilmThickness = str2double(InputGUI(3));
setChecked(ones(19,1)) %all check boxes are 1 initially
plotGraphs(xpos,deltaZ,ElasticModulus,WaferThickness,FilmThickness,getChecked
());
%checkbox control to get rid of bad data points
set(figure(2),'Position',[680 600 560 20],'MenuBar','none','ToolBar','none');
clf;
fromLeftStart=86;
spacing=22;
for j=1:19
fromLeft = fromLeftStart+(j-1)*spacing;
checkBoxes(j) =
uicontrol(figure(2),'style','checkbox','position',[fromLeft,2,20,20],'value',
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1,'callback',{@updateCheckBox,j,xpos,deltaZ,ElasticModulus,WaferThickness,Fil
mThickness});
end

B.2 UpdateCheckBox.m
function
updateCheckBox(hObject,eventData,checkNum,xpos,deltaZ,ElasticModulus,WaferThi
ckness,FilmThickness)
value = get(hObject,'value');
tempArray = getChecked();
tempArray(checkNum)=value;
setChecked(tempArray);
plotGraphs(xpos,deltaZ,ElasticModulus,WaferThickness,FilmThickness,tempArray)
;
end

B.3 PlotGraphs.m
function
plotGraphs(xpos,deltaZ,ElasticModulus,WaferThickness,FilmThickness,checkedArr
ay)
skip = 0;
for i=1:length(xpos)
if(checkedArray(i)==0) %if check box is not checked
skip=skip+1;
else
XY(i-skip,1) = xpos(i);
XY(i-skip,2) = deltaZ(i);
end
end
CircleFitByPratt(XY);
CircleCenterX = ans(1);
CircleCenterY = ans(2);
RadiusOfCurvature = ans(3);
th = 0:2*pi/1000000:2*pi;
BestFitX = RadiusOfCurvature * cos(th) + CircleCenterX;
BestFitY = RadiusOfCurvature * sin(th) + CircleCenterY;
stress = (ElasticModulus * WaferThickness^2)/(6 * RadiusOfCurvature *
FilmThickness * 1E6);
if deltaZ(10)>deltaZ(1)
stress=stress*-1; %bowing down (negative stress)
end
fprintf('Stress = %f MPa\n',stress);
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stressString = sprintf('Stress = %f MPa\n',stress);
xDisplay = [-50000 50000];
yDisplay = [min(deltaZ)-2 max(deltaZ)+2];
set(figure(1),'Position',[680 678 560 420]);
clf;
hold on
plot(XY(:,1),XY(:,2),'o');
plot(BestFitX, BestFitY,'r');
axis([xDisplay(1),xDisplay(2),yDisplay(1),yDisplay(2)]);
title('Wafer Bowing');
legend('Measured Points','Best Fit Circle');
xlabel('X Position (um)');
ylabel('Z Position (um)');
text(mean(xDisplay), mean(yDisplay)-2,
stressString,'HorizontalAlignment','center');
end

B.4 SetChecked.m
function setChecked(checkedArrayInput)
global checkedArray;
checkedArray = checkedArrayInput;
end

B.5 GetChecked.m
function array = getChecked()
global checkedArray;
array = checkedArray; %return checkedArray
end

B.6 CircleFitByPratt.m (obtained from [44])
function Par = CircleFitByPratt(XY)
%-------------------------------------------------------------------------%
%
Circle fit by Pratt
%
V. Pratt, "Direct least-squares fitting of algebraic surfaces",
%
Computer Graphics, Vol. 21, pages 145-152 (1987)
%
%
Input: XY(n,2) is the array of coordinates of n points x(i)=XY(i,1),
y(i)=XY(i,2)
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%
%
Output: Par = [a b R] is the fitting circle:
%
center (a,b) and radius R
%
%
Note: this fit does not use built-in matrix functions (except "mean"),
%
so it can be easily programmed in any programming language
%
%-------------------------------------------------------------------------n = size(XY,1);
centroid = mean(XY);

% number of data points
% the centroid of the data set

%
computing moments (note: all moments will be normed, i.e. divided by n)
Mxx=0; Myy=0; Mxy=0; Mxz=0; Myz=0; Mzz=0;
for i=1:n
Xi = XY(i,1) - centroid(1);
Yi = XY(i,2) - centroid(2);
Zi = Xi*Xi + Yi*Yi;
Mxy = Mxy + Xi*Yi;
Mxx = Mxx + Xi*Xi;
Myy = Myy + Yi*Yi;
Mxz = Mxz + Xi*Zi;
Myz = Myz + Yi*Zi;
Mzz = Mzz + Zi*Zi;
end
Mxx
Myy
Mxy
Mxz
Myz
Mzz

=
=
=
=
=
=

%
%

centering data
centering data

Mxx/n;
Myy/n;
Mxy/n;38
Mxz/n;
Myz/n;
Mzz/n;

%
computing the coefficients of the characteristic polynomial
Mz = Mxx + Myy;
Cov_xy = Mxx*Myy - Mxy*Mxy;
Mxz2 = Mxz*Mxz;
Myz2 = Myz*Myz;
A2 = 4*Cov_xy - 3*Mz*Mz - Mzz;
A1 = Mzz*Mz + 4*Cov_xy*Mz - Mxz2 - Myz2 - Mz*Mz*Mz;
A0 = Mxz2*Myy + Myz2*Mxx - Mzz*Cov_xy - 2*Mxz*Myz*Mxy + Mz*Mz*Cov_xy;
A22 = A2 + A2;
epsilon=1e-12;
ynew=1e+20;
IterMax=20;
xnew = 0;
%
Newton's method starting at x=0
for iter=1:IterMax
yold = ynew;
ynew = A0 + xnew*(A1 + xnew*(A2 + 4.*xnew*xnew));
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if (abs(ynew)>abs(yold))
%disp('Newton-Pratt goes wrong direction: |ynew| > |yold|');
xnew = 0;
break;
end
Dy = A1 + xnew*(A22 + 16*xnew*xnew);
xold = xnew;
xnew = xold - ynew/Dy;
if (abs((xnew-xold)/xnew) < epsilon), break, end
if (iter >= IterMax)
disp('Newton-Pratt will not converge');
xnew = 0;
end
if (xnew<0.)
fprintf(1,'Newton-Pratt negative root: x=%f\n',xnew);
xnew = 0;
end
end
%
computing the circle parameters
DET = xnew*xnew - xnew*Mz + Cov_xy;
Center = [Mxz*(Myy-xnew)-Myz*Mxy , Myz*(Mxx-xnew)-Mxz*Mxy]/DET/2;
Par = [Center+centroid , sqrt(Center*Center'+Mz+2*xnew)];
end

%

CircleFitByPratt

B.7 CsvImport.m (obtained from [45])
function varargout = csvimport( fileName, varargin )
if ( nargin == 0 ) || isempty( fileName )
[fileName filePath] = uigetfile( '*.csv', 'Select CSV file' );
if isequal( fileName, 0 )
return;
end
fileName = fullfile( filePath, fileName );
else
if ~ischar( fileName )
error( 'csvimport:FileNameError', 'The first argument to %s must be a
valid .csv file', ...
mfilename );
end
end
%Setup default values
p.delimiter
= ',';
p.columns
= [];
p.outputAsChar
= false;
p.uniformOutput
= true;
p.noHeader
= false;
p.ignoreWSpace
= false;
validParams

= {

...
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'delimiter',
'columns',
'outputAsChar',
'uniformOutput',
'noHeader',
'ignoreWSpace'
};

...
...
...
...
...
...

%Parse input arguments
if nargin > 1
if mod( numel( varargin ), 2 ) ~= 0
error( 'csvimport:InvalidInput', ['All input parameters after the
fileName must be in the ' ...
'form of param-value pairs'] );
end
params = lower( varargin(1:2:end) );
values = varargin(2:2:end);
if ~all( cellfun( @ischar, params ) )
error( 'csvimport:InvalidInput', ['All input parameters after the
fileName must be in the ' ...
'form of param-value pairs'] );
end
lcValidParams
= lower( validParams );
for ii = 1 : numel( params )
result
= strmatch( params{ii}, lcValidParams );
%If unknown param is entered ignore it
if isempty( result )
continue
end
%If we have multiple matches make sure we do not have a single
unambiguous match before throwing
%an error
if numel( result ) > 1
exresult
= strmatch( params{ii}, validParams, 'exact' );
if ~isempty( exresult )
result
= exresult;
else
%We have multiple possible matches, prompt user to provide an
unambiguous match
error( 'csvimport:InvalidInput', 'Cannot find unambiguous match for
parameter ''%s''', ...
varargin{ii*2-1} );
end
end
result
= validParams{result};
p.(result) = values{ii};
end
end
%Check value attributes
if isempty( p.delimiter ) || ~ischar( p.delimiter )
error( 'csvimport:InvalidParamType', ['The ''delimiter'' parameter must be
a non-empty ' ...
'character array'] );
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end
if isempty( p.noHeader ) || ~islogical( p.noHeader ) ||
~isscalar( p.noHeader )
error( 'csvimport:InvalidParamType', ['The ''noHeader'' parameter must be a
non-empty ' ...
'logical scalar'] );
end
if ~p.noHeader
if ~isempty( p.columns )
if ~ischar( p.columns ) && ~iscellstr( p.columns )
error( 'csvimport:InvalidParamType', ['The ''columns'' parameter must
be a character array ' ...
'or a cell array of strings for CSV files containing column headers
on the first line'] );
end
if p.ignoreWSpace
p.columns = strtrim( p.columns );
end
end
else
if ~isempty( p.columns ) && ~isnumeric( p.columns )
error( 'csvimport:InvalidParamType', ['The ''columns'' parameter must be
a numeric array ' ...
'for CSV files containing column headers on the first line'] );
end
end
if isempty( p.outputAsChar ) || ~islogical( p.outputAsChar ) ||
~isscalar( p.outputAsChar )
error( 'csvimport:InvalidParamType', ['The ''outputAsChar'' parameter must
be a non-empty ' ...
'logical scalar'] );
end
if isempty( p.uniformOutput ) || ~islogical( p.uniformOutput ) ||
~isscalar( p.uniformOutput )
error( 'csvimport:InvalidParamType', ['The ''uniformOutput'' parameter must
be a non-empty ' ...
'logical scalar'] );
end
%Open file
[fid msg] = fopen( fileName, 'rt' );
if fid == -1
error( 'csvimport:FileReadError', 'Failed to open ''%s'' for
reading.\nError Message: %s', ...
fileName, msg );
end
colMode
= ~isempty( p.columns );
if ischar( p.columns )
p.columns
= cellstr( p.columns );
end
nHeaders
= numel( p.columns );
if colMode
if ( nargout > 1 ) && ( nargout ~= nHeaders )
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error( 'csvimport:NumOutputs', ['The number of output arguments must be 1
or equal to the ' ...
'number of column names when fetching data for specific columns'] );
end
end
%Read first line and determine number of columns in data
rowData
= fgetl( fid );
rowData
= regexp( rowData, p.delimiter, 'split' );
nCols
= numel( rowData );
%Check whether all specified columns are present if used in column mode and
store their indices
if colMode
if ~p.noHeader
if p.ignoreWSpace
rowData
= strtrim( rowData );
end
colIdx
= zeros( 1, nHeaders );
for ii = 1 : nHeaders
result
= strmatch( p.columns{ii}, rowData );
if isempty( result )
fclose( fid );
error( 'csvimport:UnknownHeader', ['Cannot locate column header
''%s'' in the file ' ...
'''%s''. Column header names are case sensitive.'], p.columns{ii},
fileName );
elseif numel( result ) > 1
exresult = strmatch( p.columns{ii}, rowData, 'exact' );
if numel( exresult ) == 1
result = exresult;
else
warning( 'csvimport:MultipleHeaderMatches', ['Column header name
''%s'' matched ' ...
'multiple columns in the file, only the first match (C:%d) will
be used.'], ...
p.columns{ii}, result(1) );
end
end
colIdx(ii) = result(1);
end
else
colIdx
= p.columns(:);
if max( colIdx ) > nCols
fclose( fid );
error( 'csvimport:BadIndex', ['The specified column index ''%d''
exceeds the number of ' ...
'columns (%d) in the file'], max( colIdx ), nCols );
end
end
end
%Calculate number of lines
pos
= ftell( fid );
if pos == -1
msg = ferror( fid );
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fclose( fid );
error( 'csvimport:FileQueryError', 'FTELL on file ''%s'' failed.\nError
Message: %s', ...
fileName, msg );
end
data
= fread( fid );
nLines
= numel( find( data == sprintf( '\n' ) ) ) + 1;
%Reposition file position indicator to beginning of second line
if fseek( fid, pos, 'bof' ) ~= 0
msg = ferror( fid );
fclose( fid );
error( 'csvimport:FileSeekError', 'FSEEK on file ''%s'' failed.\nError
Message: %s', ...
fileName, msg );
end
data
= cell( nLines, nCols );
data(1,:)
= rowData;
emptyRowsIdx
= [];
%Get data for remaining rows
for ii = 2 : nLines
rowData
= fgetl( fid );
if isempty( rowData )
emptyRowsIdx = [emptyRowsIdx(:); ii];
continue
end
rowData
= regexp( rowData, p.delimiter, 'split' );
nDataElems
= numel( rowData );
if nDataElems < nCols
warning( 'csvimport:UnevenColumns', ['Number of data elements on line %d
(%d) differs from ' ...
'that on the first line (%d). Data in this line will be padded.'], ii,
nDataElems, nCols );
rowData(nDataElems+1:nCols) = {''};
elseif nDataElems > nCols
warning( 'csvimport:UnevenColumns', ['Number of data elements on line %d
(%d) differs from ' ...
'that one the first line (%d). Data in this line will be truncated.'],
ii, nDataElems, nCols );
rowData
= rowData(1:nCols);
end
data(ii,:)
= rowData;
end
%Close file handle
fclose( fid );
data(emptyRowsIdx,:)
= [];
%Process data for final output
uniformOutputPossible = ~p.outputAsChar;
if p.noHeader
startRowIdx
= 1;
else
startRowIdx
= 2;
end
if ~colMode
if ~p.outputAsChar
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%If we're not outputting the data as characters then try to convert each
column to a number
for ii = 1 : nCols
colData
= cellfun( @str2double, data(startRowIdx:end,ii),
'UniformOutput', false );
%If any row contains an entry that cannot be converted to a number then
return the whole
%column as a char array
if ~any( cellfun( @isnan, colData ) )
if ~p.noHeader
data(:,ii)= cat( 1, data(1,ii), colData{:} );
else
data(:,ii)= colData;
end
end
end
end
varargout{1}
= data;
else
%In column mode get rid of the headers (if present)
data
= data(startRowIdx:end,colIdx);
if ~p.outputAsChar
%If we're not outputting the data as characters then try to convert each
column to a number
for ii = 1 : nHeaders
colData
= cellfun( @str2double, data(:,ii), 'UniformOutput',
false );
%If any row contains an entry that cannot be converted to a number then
return the whole
%column as a char array
if ~any( cellfun( @isnan, colData ) )
data(:,ii)= colData;
else
%If any column cannot be converted to a number then we cannot convert
the output to an array
%or matrix i.e. uniform output is not possible
uniformOutputPossible = false;
end
end
end
if nargout == nHeaders
%Loop through each column and convert to matrix if possible
for ii = 1 : nHeaders
if p.uniformOutput && ~any( cellfun( @ischar, data(:,ii) ) )
varargout{ii} = cell2mat( data(:,ii) );
else
varargout{ii} = data(:,ii);
end
end
else
%Convert entire table to matrix if possible
if p.uniformOutput && uniformOutputPossible
data
= cell2mat( data );
end
varargout{1} = data;
end
end
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APPENDIX C.

ELLIPSOMETRY CALCULATOR MATLAB CODE

C.1 Graphical User Interface

Figure C.1: Graphical user interface (GUI) of the Ellipsometry Calculator. Created using Matlab’s
GUIDE development environment
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C.2 EllipsometryCalculator.m
% --- Executes on button press in pushbutton1.
function pushbutton1_Callback(hObject, eventdata, handles)
eraseValues(hObject, eventdata, handles);
phi = getIncidenceValue(hObject, eventdata, handles);
initializeArrays(phi);
delta = calDelta(hObject, eventdata, handles);
set(handles.edit6,'String',num2str(delta));
psi = calPsi(hObject, eventdata, handles);
set(handles.edit7,'String',num2str(psi));
arrayPos = findBest(delta,psi);
arrayPos1 = floor(arrayPos/200)+1;
range = getRangeValue(hObject, eventdata, handles);
calcFine(hObject, eventdata, handles, arrayPos1, delta, psi, phi,
range); %does more precise calculation
function eraseValues(hObject, eventdata, handles)
set(handles.edit6,'String','');
set(handles.edit7,'String','');
set(handles.edit10,'String','');
set(handles.edit11,'String','');
set(handles.edit15,'String','');
set(handles.edit16,'String','');
set(handles.edit17,'String','');
set(handles.edit18,'String','');
pause(0.1);
function incidenceValue = getIncidenceValue(hObject, eventdata, handles)
switch get(get(handles.uibuttongroup1,'SelectedObject'),'Tag')
case 'radiobutton1', incidenceValue = 30;
case 'radiobutton2', incidenceValue = 50;
case 'radiobutton3', incidenceValue = 70;
case 'radiobutton4', incidenceValue = 90;
end
function initializeArrays(phi)
global Directory;
Directory = 'C:\Users\ecestudent\Documents\Ellipsometry Calculator\arrays-';
%userpath(Directory);
global deltaArray psiArray indexArray thicknessArray;
deltaArray =
str2double(csvimport(strcat(Directory,num2str(phi),'\del.csv')));
psiArray = str2double(csvimport(strcat(Directory,num2str(phi),'\psi.csv')));
indexArray =
str2double(csvimport(strcat(Directory,num2str(phi),'\n1vec.csv')));
thicknessArray =
str2double(csvimport(strcat(Directory,num2str(phi),'\d1vec.csv')));
function d = calDelta(hObject, eventdata, handles)
Pone = str2double(get(handles.edit2,'String'));
Ptwo = str2double(get(handles.edit4,'String'));
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d = 360 - Pone - Ptwo;
function p = calPsi(hObject, eventdata, handles)
Aone = str2double(get(handles.edit3,'String'));
Atwo = str2double(get(handles.edit5,'String'));
if (Aone >= 0 && Aone <= 360)
p = Aone;
end
p2 = -1;
if (Atwo >= 0 && Atwo <= 180)
p2 = 180 - Atwo;
end
if (p2 ~= -1 && p ~= p2)
p = (Aone - Atwo + 180) / 2;
end
if (p == -1)
p = 'Invalid #';
end
function position = findBest(delta, psi)
global deltaArray psiArray;
position = 0;
leastdif = 1000;
l = length(deltaArray);
for (i=1:l)
dif = abs(delta - deltaArray(i)) + abs(psi - psiArray(i));
if(dif < leastdif)
leastdif = dif;
position = i;
end
end
function range = getRangeValue(hObject, eventdata, handles)
switch get(get(handles.uibuttongroup2,'SelectedObject'),'Tag')
case 'radiobutton5', range = 1;
case 'radiobutton6', range = 2;
end
function calcFine(hObject, eventdata, handles, lut, delta, psi, phi, range)
global indexArray thicknessArray;
initializeArraysFine(phi, lut);
arrayPos = findBestFine(delta, psi, range);
index = indexArray(arrayPos);
set(handles.edit10,'String',num2str(index));
thickness = thicknessArray(arrayPos);
set(handles.edit11,'String',num2str(thickness));
% hObject
% eventdata
% handles

handle to pushbutton1 (see GCBO)
reserved - to be defined in a future version of Matlab
structure with handles and user data (see GUIDATA)
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function initializeArraysFine(phi, lut)
global deltaArray psiArray indexArray thicknessArray Directory;
deltaArray = str2double(csvimport(strcat(Directory,num2str(phi),'\del',num2str(lut),'.csv')));
psiArray = str2double(csvimport(strcat(Directory,num2str(phi),'\psi',num2str(lut),'.csv')));
indexArray = str2double(csvimport(strcat(Directory,num2str(phi),'\n1vec',num2str(lut),'.csv')));
thicknessArray = str2double(csvimport(strcat(Directory,num2str(phi),'\d1vec',num2str(lut),'.csv')));
function minimum = findBestFine(delta, psi, range)
global deltaArray psiArray indexArray thicknessArray;
leastdif = 1000;
if (range == 1)
tmin = 50;
tmax = 200;
else
tmin = 100;
tmax = 250;
end
l = length(deltaArray);
for (i=1:l)
dif = abs(delta - deltaArray(i)) + abs(psi - psiArray(i));
if(dif < leastdif)
leastdif = dif;
position = i;
end
end
leastdif = 1000;
for (i=1:l)
if(indexArray(i) == indexArray(position) && thicknessArray(i) <= tmax &&
thicknessArray(i) >= tmin)
dif = abs(delta - deltaArray(i)) + abs(psi - psiArray(i));
if(dif < leastdif)
leastdif = dif;
minimum = i;
end
end
end

% --- Executes on button press in pushbutton2.
function pushbutton2_Callback(hObject, eventdata, handles)
thick = str2double(get(handles.edit11,'String'));
Dthick = str2double(get(handles.edit14,'String'));
min = str2double(get(handles.edit12,'String'));
sec = str2double(get(handles.edit13,'String'));
min = min + (sec/60);
rate = thick / min;
min = floor(Dthick / rate);
hour = floor(min / 60);
finalmin = min-60*hour;
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finalsec = 60 * ((Dthick / rate) - min);
finalsec = round(10^1 * single(finalsec)) / 10^1;
rate = round(10^2 * single(rate)) / 10^2;
set(handles.edit15,'String',num2str(rate));
set(handles.edit16,'String',num2str(hour));
set(handles.edit17,'String',num2str(finalmin));
set(handles.edit18,'String',num2str(finalsec));
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